Summary. A modified irrigation project model (first developed and tested in its original form by Tanji in 1977) is presented which evaluates the impacts of present as well as future alternative land and water resource management on the volume and salt concentration in the irrigation return flow. Modifications were necessary to fit more closely into the prevailing hydrologic and salinity conditions in the Ebro River Basin (Spain), and include the initial and final stored soil water, rim inflows from adjacent hydrologic systems and contributions of gypsum and soluble salts to salt loadings.
Summary. A modified irrigation project model (first developed and tested in its original form by Tanji in 1977) is presented which evaluates the impacts of present as well as future alternative land and water resource management on the volume and salt concentration in the irrigation return flow. Modifications were necessary to fit more closely into the prevailing hydrologic and salinity conditions in the Ebro River Basin (Spain), and include the initial and final stored soil water, rim inflows from adjacent hydrologic systems and contributions of gypsum and soluble salts to salt loadings.
The model (which requires a total of 25 input variables) was calibrated in a 4,000 ha irrigation project where the salinity problem is not serious (average ECe is 2.2 dS/m), although gypsum is present in large quantities. Results show that model calibration and verification were, respectively, within -2 % and + 13% of measured surface irrigation return flows (volume and TDS, total dissolved solids) from the 1982 (calibration) and 1983 (verification) hydrological years.
The performed sensitivity analysis shows that the key parameter for minimizing salt loading (at present one ha yields about 20 t of salt per year) in irrigation return flows is an increase in water application efficiency (WAE), which presently is only 48%. This increase in WAE will not lead to a substantial rise in the TDS of return flows because of gypsiferous character of these soils. Irrigation agriculture uses more water than any other single consumer of water resources; as an example, in 1980 ninety five percent of the water consumed in the Ebro River Basin in Spain was used for irrigation on about 700,000 ha of irrigated cropland.
Depending upon the fraction of applied irrigation water evapotranspired, the salt concentration of irrigation return flows (defined as the portion of excess applied irrigation water flowing back to the river) can be two to seven times greater than that of the applied water (Hornsby 1973) . Also, depending on weathering reactions occurring in the soil system, these salt concentrations can increase up to several orders of magnitude (Law and Skogerboe 1977) . It can therefore be concluded that these return flows can seriously degrade the quality of rivers and other receiving water bodies.
EPA (1971) estimated that 37% of the salinity of Colorado river at Hoover dam could be attributed to irrigation, and on a different scale, Wierenga and Patterson (1972) concluded that the increase per mile in TDS (total dissolved solids) was more than twice as great in an irrigated area along the Rio Grande as in the nonirrigated area immediately to the north.
Furthermore, as more new lands are brought under irrigation the demand for available water will increase and return flows will be increasingly reused to meet these demands, giving rise to further salinity increases and water quality degradation of rivers and streams.
In this respect, the middle Ebro River Basin, which lies in the semi-arid northeastern area of Spain, illustrates the salinity problems faced by irrigated agriculture in these areas. The primary source of salinity in this 85,000 km 2 basin are the marine geologic materials which are subject to chemical weathering and natural hydrologic runoff. Approximately 310,000 ha of the surface soils are salt-affected ), most of them containing sparingly soluble gypsum and limestone in addition to the dissolved mineral salts. The chemical weathering, leaching and drainage of these salt sources are enhanced when cropland is irrigated, so that irrigated agriculture appears to be a major source of salts present in the Ebro river. Thus, the work done by Aragti6s and shows that salinity concentrations progressively deteriorate towards the lower reaches of the river, where the established salinity trends show annual TDS increases of 10 to 15 rag/l, and that the Ebro river discharges 6.7 million t of salt into the Mediterranean sea annually.
It may be anticipated that as new irrigation projects develop (the projected irrigated cropland in the year 2000 is more than 1.5 million ha), the return flows will increase and the salinity loading of the river will also increase due to both "concentration" and "salt-loading" effects.
There is therefore a need for an irrigation project level hydrosalinity model to investigate these processes in more detail. For one thing, such a model would be a useful tool for anticipating changes in salinity in the return flows and for the assessment of improving management practices with the ultimate goal of reducing salinity levels in irrigation return flows.
The purpose of this paper is to describe modifications of an irrigation project hydrosalinity model (Tanji 1977) introduced to adapt it more closely to the hydrologic and salinity conditions prevailing in the Ebro River Basin, and to present their calibratio/a and validation steps obtained with data gathered in the Violada Irrigation District (Faci et al. 1985) . This model has been programmed in BASIC language on a small Hewlett-Packard computer (HP-85) with 32 K of random access memory (RAM).
Description of the Irrigation Project Hydrosalinity Model
The model presented is a modification of a conceptual hydrosalinity model developed and tested in two irrigation districts in California (Tanji 1977) , which calculates the volume, salt concentration and salt mass in irrigation return flows. Modifications were necessary to fit it more closely to the prevailing hydrologic and salinity conditions in the Ebro River Basin.
This model invokes the principles of mass conservation and assumes steadystate conditions. The time period chosen is the length of the hydrological year (October to September), although the irrigation and non-irrigation seasons are also considered, and the spatial characteristics of the irrigation project are spaceaveraged to a single entity.
The hydrosalinity model comprises a hydrologic submodel coupled to a salinity submodel which are described below. Figure 1 gives an idealized schematic representation of the hydrology and flow pathways in a typical irrigation project. Invoking the continuity equation, we can describe the hydrology with
Hydrologic Submodel
When Q denotes the quantity of water in ha-m and t is time (hydrological year, irrigation or nonirrigation seasons), subscripts i, o, and s respectively denote the inputs, outputs and storage of water in the crop root zone, fromj and k number of inputs and outputs, respectively. The system inputs may be defined by 
k=l where subscripts et, etp, dp, fsw, pro, iwro, and sdw are respectively evapotranspiration of soil water to the atmosphere, evapotranspiration of precipitation, deep percolation from root zone to groundwater, final stored soil water, precipitation runoff, irrigation runoff, and collected subsurface drainage water including tile drainage effluents and seepages into natural and man-made channels. The last four terms in equation (3) constitute the surface irrigation return flow. The differences between Qisw and Qusw (not considered in the original model) also give the net change in water stored in the crop root zone during the period studied.
Salinity Submodel
Figure 2 is a second freebody diagram describing salinity and its flow pathways. The symbol C represents rag/1 TDS for salt concentration, and M mass of salts in tons that is obtained from the product of salt concentration and water volume. Invoking continuity, we can describe salinity with 
l=l where subscript gsp refers to dissolution of gypsum and sp, salt pick up or mineral dissolution into the soil solution, for sources of salts. All other subscripts were previously defined in the section on Hydrologic submodel.
The salt outputs and sinks may be defined by (Oster and Dell'Osso 1975) , which calculates the extent to which effective applied irrigation water, as it becomes concentrated in the soil solution due to evapotranspiration, will dissolve calcium carbonate (CaCO3) from the soil or will precipitate out gypsum (CaSO4' 2H20) and CaCO3 from the soil solution. This phenomenon is known as salt pickup-salt deposition or mineral dissolution-mineral precipitation. The required input data is the chemical composition of the water (Ca 2+, Mg 2+, Na +, HCOy, CI-, SO2-), the leaching fraction (LF) defined as the ratio of drainage water to effective applied water, and the partial pressure of carbon dioxide (Pco~) which has a major influence on the solubility of CaCO3. Because the Oster and Dell'Osso model does not consider the possibility of gypsum initially present in the soil as a source of salinity, salt pickup due to dissolution of gypsum (Mo~p) needs to be incorporated into the salinity submodel. A required input data is the mass of gypsum present in the soil. The original hydrosalinity model (Tanji 1977) assumed that the solubility of gypsum in the soil solution is 25 meq/1 or 21.49t/ha-m, and that gypsum was in excess, i.e., present in inexhaustable supply. One approach to improving this assumption is to assume the solubility of gypsum as 2.63 g/1 (30.7 meq/1 in distilled water) in the soil water after evapotranspiration losses, and reduce the mass of input gypsum by the amount dissolving. Gypsum would continue to dissolve at this concentration until its supply is exhausted. This would be an appropriate extension except Ci~w, the TDS of the initial stored soil water, has to be corrected for the solubility of gypsum if it is present because its TDS cannot be concentrated by the ETCF. Hence, the revised model now accounts for calculated mass of gypsum dissolving in the soil water depending on the volume of soil water and available gypsum.
The 
Model Calibration and Verification
To obtain credibility the model should be first calibrated with present and/or historical data. In this particular case, the calibration procedure involved the fitting of calculated flow (volume) and TDS of surface irrigation return flows from 
the Violada irrigation district with measured data from the 1982 hydrological year. This was then followed by verification which involved predicting data other than the one used for calibration, for example, the 1983 hydrological year. A comparison between predicted and measured results in the verification step gives some estimate of the validity of the model for that particular system. Table 1 lists the required input data and model coefficients, gathered from the Violada irrigation district. This information has been given in a previous paper (Faci et al. 1985) . The 1982 calibration was obtained with several iterations in attempting to fit the calculated flow and TDS of surface irrigation return flows to those of monitored values. The only two coefficients which were adjusted in the calibration process were the deep percolation coefficient (f) and the irrigation application efficiency (Eiae). Table 2 gives the results of the final calibration run. It was possible to obtain outputs on irrigation return flow that were within -2% of the observed data.
The calibrated model was then applied to the 1983 hydrological year for model verification. Table 1 contains the required input parameters for 1983 and shows that all model parameters (except those giving different values in 1983) and coefficients were identical to the calibration run. Table 2 reports the results of model verification and shows that the model can predict within +_ 13% of observed values. Finally, Table 3 contains a partial listing of various outputs from the 1982 calibration and 1983 verification runs.
Discussion and Conclusions
Considering the information and data base available for the hydrologic and salinity conditions of irrigation projects in the Ebro river basin, we have chosen a conceptual, management-type model. Although this model is more simple than other finely-tuned models available in the literature (Law and Skogerboe 1977; Tanji 1981) , the results obtained are acceptable considering the simplifying assumptions made in the model and in particular in the chemistry submodel.
The largest discrepancy between measured and calculated values is in the TDS of return flow for the 1983 verification year. This could be partly due to the fact that the same irrigation application efficiency (Eiae) value is used both in the 1982 and 1983 hydrological years. However, the diverted irrigation water in 1983 is 14% larger than in 1982 for a similar evapotranspiration in both years (Table 3) , so it may be speculated that the Eia e was lower in 1983. Thus, if the E~e is decreased by 10% in 1983, the estimated TDS will be similar to the measured TDS, and the error in the calculated salt mass in return flow will now decrease to -2% (data not shown). Although this is only a possible explanation, it is important to note the qualitative agreement between model calculations and the plausible change in water management (Eiae).
One advantage of this model is that, although it only requires 25 input data and model coefficients, it appears to have requisite characteristics to evaluate water management practices, irrigation water qualities, soil properties, and crop plants that affect salt loading in irrigation return flows.
As an example of the model ability for evaluating management alternatives for salinity control, Table 4 gives model projections for several outputs of the Violada irrigation district in 1983, assuming that salt control practices resulted in hypothetical 10% (case A) and 20% (case B) reductions in diverted irrigation water.
It may be seen that the final TDS of soil water (C~sw) increases a little (due to the increase of ETCF), but the decrease in the amount of water beyond the root zone (Qpp,w) and the corresponding decrease in the mass of dissolved gypsum (Mosp) give rise to a substantial reduction in the mass of salts in surface irrigation return flow (M~i~f) (14% and 28% salt load decreases for casesA and B, respectively).
Due to the fact that gypsum is the main salt source and that other flows contribute to the final surface irrigation returns, the TDS of return flow is also slightly decreased. Although it should be recognized that if gypsum was absent or there were more readily soluble salts in the soil profile there would be an increase in TDS of return flows, it may be concluded that for the Violada irrigation district the salt concentration of the leachate is basically independent of the volume of the leachate because the concentration of salt below the root zone produces a saturated gypsum and lime condition which is relatively constant. Thus, the salt loading due to irrigation return flow can be approximated from the only knowledge of water balance.
Furthermore, as shown in the example given above (Table 4) , the reductions in salt loading will be directly proportional to reductions in the amount of water leaving the root zone. Therefore, it may be concluded that the key factors for controlling salt loading in irrigation return flows are the achievement of high irrigation application efficiencies as well as high uniform irrigation applications. These research results are applicable to other irrigated areas in the Ebro river basin (or other similar areas in the world, as the Upper Colorado river basin; Law and Skogerboe 1977; Skogerboe et al. 1979) where gypsum is the main source for salts. 
